Trichoderma asperellum and cucumber seedlings were used as a model to study the modulation of Trichoderma gene expression during plant root colonization. Seedlings were grown in an aseptic hydroponics medium and inoculated with Trichoderma spore suspension. Proteins differentially secreted into the medium were isolated. Three major proteins of fungal origin were identified: two arabinofuranosidases (Abf1 and Abf2) and an aspartyl protease. Differential mRNA display was conducted on Trichoderma mycelia interacting and non-interacting, with the plant roots. Among the differentially regulated clones another aspartyl protease was identified. Sequencing of the genes revealed that the first aspartyl protease is a close homologue of PapA from T. harzianum and the other, of AP1 from Botryotinia fuckeliana. RT-PCR analysis confirms that the proteases are induced in response to plant roots attachment and are expressed in planta. papA, but not papB, is also induced in plate confrontation assays with the plant pathogen Rhizoctonia solani. These data suggest that the identified proteases play a role in Trichoderma both as a mycoparasite and as a plant opportunistic symbiont.
Introduction
Trichoderma spp. are free-living fungi that are very common in soil and root ecosystems. Recent discoveries demonstrate that they are opportunistic plant symbionts as well as parasites of other fungi [1] . Some strains establish long-lasting colonization of root surfaces and penetrate into the epidermis and a few cells below this level, apparently producing small amounts of cell wall hydrolytic enzymes [2] . Recent research indicates that they can also induce systemic and localized resistance to a variety of plant pathogens [1] . In a previous study we presented evidence for the induction of a systemic response against angular leaf spot disease of cucumber following application of Trichoderma asperellum to the root system [3] . T. asperellum activates metabolic pathways in cucumber involved in plant signaling and biosynthesis, eventually leading to the systemic accumulation of phytoalexins similarly to beneficial rhizobacteria [3, 4] . In the present work we aimed to characterize protein factors involved in the first stages of the Trichoderma cucumber root interaction and to analyze expression of Trichoderma genes during plant root colonization.
Proteinases of various phytopathogenic fungi have been detected in infected host plant tissues [5, 6] , but in most cases it is not clear what impact these enzymes have on the development of disease. In Sclerotinia sclerotiorum and Botrytis cinerea the proteolytic activity seems to be correlated with the development of symptoms [7, 8] and the enzymes are regarded as important virulence factors [9] . Proteases are also regarded as antagonists of antifungal proteins secreted as part of the defense responses by the host [7] .
Several proteases have been detected in different Trichoderma species. Two homologous basic proteinases, PRB1 and TVSP1, involved in mycoparasitism have been isolated from Trichoderma harzianum and Trichoderma virens, respectively [10, 11] . Two acidic proteases were detected in zymograms of proteins of T. harzianum CECT 2413 [12] . The gene coding for one of them, papA, was isolated and characterized [13] .
This study shows that two aspartyl proteases are induced by root contact and are expressed in planta during cucumber root colonization by T. asperellum. One of the proteases is also upregulated in mycoparasitic confrontation. These results shed new light on the molecular mechanisms underlying Trichoderma competence both as a biocontrol agent and as a plant disease resistance-inducing agent.
Materials and methods

Plant material
Cucumber seedlings (Cucumis sativus L. cv. Kfir) from Gedera Seeds Co. (Israel) were grown as described in [2] . Surface-sterilized seeds (25 per box) were placed on a sterile gauze sheet in an axenic hydroponics growth system. Plants were grown in a controlled environment: 26°C, 80% relative humidity and a circadian cycle of 14 h light and 10 h darkness.
Trichoderma plant inoculation and isolation of proteins secreted in the growth medium
Trichoderma asperellum (T-203) was grown on potato dextrose agar (PDA) (Difco) for 10 days. Spores (10 9 ) were harvested and grown overnight in 100 ml synthetic medium SM [14] to allow germination. The inoculum was added to plant growth medium (300 ml) of 7-dayold seedlings (10 5 germinated spores/ml) [2] . At inoculation time the plant growth medium was refreshed to avoid high plant extracellular protein background. Coculture medium was collected after 48 h. Hydroponics medium of plants grown without Trichoderma was collected as control. As well, 300 ml of hydroponics medium supplemented with 0.05% glucose was inoculated with 10 5 germinated spores of T203 for characterization of extracellular protein profile in absence of plant roots. COMPLETE protease inhibitor cocktail (Roche) was added to the filtrated media (300 ml) prior to concentration to a final volume of 100 ll using VIVASPIN 20-ml concentrator tubes (cutoff 10,000 Da, Vivascience).
Equal volumes equivalent to 300 ml extracellular medium were loaded on a 10% polyacrylamide-SDS gel. After Coomassie staining, gel slices of selected bands were excised, digested and peptide sequencing was carried out in the mass spectrometry laboratory of the Interdepartmental Equipment Unit at the Faculty of Medicine, the Hebrew University of Jerusalem, as described in [15] .
In-gel proteinase assay
Semi-native gels were copolymerized with 0.5% BSA. Samples were treated in 25 mM Tris, pH 6.8/ 0.08% SDS without b-mercaptoethanol. The gels were washed after the run with 1% Triton X-100 in 25 mM Tris-HCl, pH 6.8, and then incubated overnight at 37°C in sodium citrate buffer, pH 3.1. Proteolytic activity appeared as negative bands upon staining with Coomassie brilliant blue. About 10 lM pepsatin A was added to half of the samples to confirm aspartic protease activity.
RNA extraction and RT-PCR
Total RNA from mycelium or plant roots was extracted according to Viterbo et al. [16] . RNA was DNAase-treated and further cleaned using RNeasy Mini columns (Qiagen). Total RNA (4 lg) was subjected to first-strand synthesis using SuperScript II reverse transcriptase (Invitrogen) according to the manufacturerÕs procedure using oligo(dT) as a primer. As a negative control, the same reactions were performed in the absence of the enzyme. One-tenth of the reaction was used for PCR amplification in the linear range of each gene. PCR products were separated on 1.0% agarose gel containing ethidium bromide (10 lg ml À1 ) and visualized under UV light. PCR products that appeared in the captured images were quantified by the NIH Image processing and analysis program. House keeping genes coding for Trichoderma b-tubulin and C. sativus actin were used as reference for semi-quantitative analysis.
Primers for btub (AY390326) were 5 0 -CGAGCCT-TACAACGCCACCCT-3 0 and 5 0 -AGTTCTTGTTCT-GGACGGTGC-3 0 (22 cycles at 54°C). Primers for amplification of actin from C. sativus (AB010922) were: 5 0 -TGACGCAGATAATGTTTGAGA-3 0 and 5 0 -AGA-GATGGCTGGAATAGAACT -3 0 (22 cycles at 54°C).
Mycoparasitic plate confrontation assays
Trichoderma asperellum was grown with the plantpathogenic fungus Rhizoctonia solani in dual culture, as described by Haran et al. [17] . RNA was extracted from each fungus grown alone or from the interaction zone of the dual culture, 5 mm before and 12 h after contact.
PCR differential display
Differential display was performed using the GeneFishingä DEG Kit (Seegene) according to the manufacturerÕs procedure. Total RNA was extracted from Trichoderma mycelium that was grown for 24 h in hydroponics medium supplemented with 0.05% glucose (non-induced control) or from mycelium wrapped around cucumber roots of seedlings grown in hydroponics medium as described before. The latter mycelium was removed after 24 h from the roots by a direct water jet and recovered by centrifugation. First-strand cDNAs synthesis was performed using the dT-ACP1 primer supplied in the kit. PCR was performed using a combination of the dTACP2-anchored primer and 30 different arbitrary primers. The PCR products were separated on 2% agarose gels and differentially expressed bands were isolated and cloned.
2.7.
Cloning and expression analysis of papA, papB and abf2 from T. asperellum For cloning of papA primers were designed according to conserved nucleotide sequences of several fungal acidic proteases: 5 0 -TACAACTTTGGCTACATTGA-3 0 and 5 0 -ACATCACCAAAGATGTTGA-3 0 . Full genomic sequences of papA and papB (AY541525 and AY611632, respectively) were obtained using the Universal GenomeWalker Kit (Clonthech) as described in [16] using gene specific primers. For RT-PCR analysis of papA the following primers were used: 5 0 -TGGA-CAGCATCAACACCG-3 0 and 5 0 -ACTGAGCAGATG-AGACCTGGCCGTAGT-3 0 . For RT-PCR analysis of papB, the following primers were used: 5 0 -GAC-AGGACATTGCCTGGACT-3 0 and 5 0 -GACTGGAC TCCTCCGTACCA-3 0 . Primers used for amplification and RT-PCR analysis of abf2 were designed according to conserved nucleotide sequences: 5 0 -ATGGAGCTTA-AAGCACTCAG-3 0 and 5 0 -TCAGCGCTGGAGAGT-TAGC-3 0 .
Results
Extracellular protein characterization and expression analysis
Nine extracellular proteins were detected by Coomassie blue staining in SDS-PAGE gels of concentrated medium recovered from cultures of cucumber seedlings grown in the presence of Trichoderma in the root compartment for 48 h (Fig. 1 ). This protein pattern was reproducible in three separate experiments. In the control extracts almost no protein could be detected by this method. Silver staining of the gel revealed a few additional very weak background bands at different molecular weights from those bands isolated by Coomassie stain (data not shown). Five proteins were identified by peptide sequence analysis ( Table 1 ). The closest database match for peptides from protein 1 was the arabinofuranosidase Abf1 from Penicillium purpurogenum, while peptides from protein 3 matched the Abf2 protein from Hypocrea jecorina. Peptides from protein 2 matched to Aspergillopepsin I from Aspergillus saitoi while bands 4 and 5, from plant origin, matched a peroxidase and an acidic endochitinase precursor from C. sativus.
Isolation of papA from T. asperellum
Primers designed according to conserved nucleotide sequences of several fungal acidic proteases allowed the isolation of a 450-bp fragment with highest homology to the aspartyl protease PapA from T. harzianum [13] and several other pathogenic fungi. Sequencing of genomic DNA revealed the presence of one short intron in the coding region, which is not present in papA from T. harzianum. In the deduced amino acid sequence (Fig.  3) we could recognize all peptides identified by mass spectrometry ( Table 1 ), confirming that the corresponding gene was isolated.
Isolation of papB from T. asperellum in PCR differential display
Thirty combinations of primers were utilized in the differential display screening. Amplicons revealing differential expression were selected for further analysis, purified from gel and directly cloned. A differentially expressed clone of 829 bp was amplified by the primers dt-ACP2 and the arbitrary ACP-17 ( Fig. 2) , isolated and sequenced. TBLASTX search showed very high homology (E = 2e À 67) to the aspartyl protease AP1 from Botryoninia fuckeliana. Comparison of the genomic and cDNA sequences confirmed the presence of one short intron in the coding region.
Comparison of the predicted amino acid sequences of papA and papB
The deduced amino acid sequences of papA (405 aa) and papB (467 aa) are 32% identical to each other. PapA from T. asperellum is 58% identical to PapA from T. harzianum and PapB is 57% identical to the AP1 protein from B. fuckeliania. Analysis of the sequences with the Signal IP V1.1 algorithm suggests that the PapA protein is synthesized as a zymogen with a cleavage site between residues 20 and 21. By analogy with the N-terminal region of secreted aspartic proteinase and particularly with that of PapA from T. harzianum, it may be assumed that PapA from our strain also contains a preporegion of 51 amino acids. No evident signal peptide is found in PapB and AP1. In both proteins there are two DTG motifs for aspartyl proteases and all compared proteases are very conserved around this region (Fig. 3) . In PapA, three Asn-Xaa-Ser/Thr motifs are present (positions 98, 138 and 225) indicating potential sites for N-glycosylation. This could account for the higher apparent molecular mass observed in SDS-PAGE. In the PapB sequence potential N-glycosilation sites are also present but proteins without signal peptides are unlikely to be exposed to the N-glycosilation machinery. The calculated pIs are of 5.45 and 5.03 for PapA and PapB, respectively.
Gene expression analysis
RT-PCR analysis of mRNA expression demonstrates that both proteases are induced in Trichoderma mycelium recovered from roots during the first 48 h of plant interaction (Fig. 4) . papA is not expressed when Trichoderma is grown in hydroponics medium supplemented with 0.05% glucose while a constitutive basal expression could be detected for papB (Fig. 4(a) ). Hydroponics medium conditioned only by growth of plant seedlings did not induce expression of the genes. Identical results were obtained when gene induction was tested in mycelia that were grown in medium obtained from plant-Trichoderma dual culture (data not shown). In planta expression analysis revealed that both proteases can be detected up to 5 days from infection, papA peaking at 72-h post-inoculation (Fig. 4(b) ). PapA can be detected in the extracellular medium 48 h from inoculation (Fig. 1 ). An in-gel assay for protease activity (data not shown) did not detect other pepsatin A sensitive proteases, confirming the intracellular location of PapB. A weak, pepsatin A insensitive protease of approximately 30 kDa is present at levels not detectable by Coomassie staining both in co-culture medium and in the Trichoderma-only control cultures. Partial sequence of the gene coding for Abf2 was obtained and expression analysis showed that the gene is constitutively induced in the presence of 0.05% glucose but is upregulated by plant interaction during the first 24 h subsequently returning to basal expression levels (Fig. 4(a) ). Hydroponics medium conditioned only by growth of plant seedlings did not induce expression of the gene in contrast to a positive induction by medium from plant-Trichoderma dual culture (data not shown). Gene expression was not detected in planta (data not shown).
Dual plate confrontation assays with the plant pathogen R. solani revealed a fourfold papA mRNA induction in presence of the pathogen before actual physical contact ( Fig. 5(a) and (b) ). After 12 h, gene expression levels return to the basal state. The papB gene has a higher constitutive expression in this experimental setup and is not induced by the presence of the pathogen (Fig. 5(a) and (b) ). To rule out stress or starvation as factors influencing the observed results we performed experiments in which Trichoderma was confronted with itself instead of the host. Neither papA or papB induction was observed under these conditions (data not shown).
Discussion
Penetration of the epidermis and subsequent ingress into the outer cortex of cucumber seedlings by Trichoderma T203 requires secretion of cell wall lytic enzymes [2] . Xylan is one of the major components of plant cell walls. a-L L-arabinofuranosidases are required for effective degradation of this polysaccharide because side chains of a-L L-arabinofuranoside hinder xylanase from accessing the xylan backbone [18] . Two separate arabinofuranosidases encoding genes (abf1 and abf2) are known in H. jecorina (Trichoderma reesei) [19] . Using SDS-PAGE, we could also detect two differentially secreted arabinofuranosidases, when T. asperellum is cultivated in the presence of cucumber roots (Fig. 1) . Peptide sequencing confirms that these are two distinct proteins (Table 1) . We cloned a 600-bp fragment of the gene encoding for abf2, 88% similar to the gene from H. jecorina QM6a. In their study [19] , the authors state that abf2 expression might be more sensitive to the availability of a carbon source then to its identity. RT-PCR analysis of the gene from T. asperellum shows that abf2 is constitutively expressed at low glucose concentrations but indeed up-regulated during the first 24 h of Trichoderma-plant interaction (Fig. 4(a) ). This finding indicates that xylan-degrading enzymes are actively secreted by Trichoderma in order to penetrate the root epidermis.
An additional major protein differentially secreted in the plant-Trichoderma co-culture medium was identified as an aspartyl protease. The gene coding for the enzyme was identified. The deduced protein shows 68% similarity to the previously characterized aspartyl protease PapA from T. harzianum [13] . Screening for differentially expressed genes during root attachment revealed another aspartyl protease in T. asperellum, differing from PapA mainly in its preprosequence. Many phytopathogenic fungi secrete proteases during infection of various hosts and these enzymes are regarded as important virulence factors [7, 9] . Nevertheless, proteases are of interest not only because of their potential ability to degrade the host cell wall and plasma membrane proteins but also because they may counter host defense related proteins [20] . When Trichoderma penetrates the intracellular spaces of the root the plant recognizes the fungus as an intruder and local, mechanical and molecular defense responses are transiently activated [2] . In the co-culture hydroponics medium we have detected two proteins from plant origin with antifungal activity (Table 1 ). According to their expected molecular weight (34.3 and 30.7 kDa) the bands visualized on our gel appear to be protein degradation products, perhaps generated by Trichoderma PapA, the prominent protease differentially secreted in the medium.
Our expression studies show that in T. asperellum papA is upregulated during the first 48 h of interaction by plant cell wall proximity. Hydroponics medium conditioned only by growth of seedlings or by plant-Trichoderma dual culture did not induce expression of the gene demonstrating that neither plant exudates nor plant cell wall degradation compounds are found in sufficient concentrations to be effective elicitors and that a close fungus-plant interaction is needed. The papA gene is expressed in planta, at least for the first 5 days from inoculation with a peak at 72 h post-inoculation. Expression analysis of the gene for longer times is not feasible because healthy seedlings cannot be cultured more then 15 days in this system. The papB gene is also expressed in the roots at a higher level then papA, 120 h post-inoculation. No obvious necrotic effects are visible in the roots. Trichoderma is an avirulent opportunistic plant symbiont that can protect plants from various pathogen infections [1, 3] . It could be that the proteases degrade a suppressor of defense or release an active elicitor by degradation of a host protein. Similar explanations have been invoked to account for elicitor activity of bacterial Avr determinants that have protease activity [21] . In T. virens, a protein with elicitor activity homologous to a serine protease has been recently isolated [22] . As for PapB, which appears to be intracellular, we can speculate that this protein might release an active elicitor or process other proteins inside the cell, which are then secreted and required for the plant colonization.
Aspartyl proteases from Trichoderma have been detected in casein or cellulose supplemented media but there are no reports about their involvement in mycoparasitism. In this work the expression of genes coding for two aspartyl proteases was investigated during mycoparasitic interaction with the plant pathogen R. solani. In this experimental system papA is constitutively expressed at a low level ad is upregulated prior any physical contact between Trichoderma and its host. Diffusible molecules from host origin are most likely responsible for the induction of the gene, as has been shown for other cell wall degrading enzymes with central role in mycoparasytic interactions [16] . papB on the other hand does not seem to be regulated by the presence of R. solani. In T. harzianum and T. virens the basic protease prb1/tvsp1 plays a fundamental role in mycoparasitism towards different pathogens. The regulation seems to depend on cell wall components of the host [11] .
In the present work we show for the first time that two aspartyl proteases are induced in a Trichoderma strain in response to plant roots attachment and we show their different regulation in mycoparasitic interaction with the pathogen R. solani. This is a first step in the assessment of their functional role both in plant colonization and mycoparasitism.
